An X-ray diffraction experiment on multilamellar membranes incorporated into an X-ray waveguide structure is reported. In the device, the lipid bilayers are con®ned to one side by the silicon substrate and to the other side by an evaporated thin metal cap layer. Shining a highly brilliant X-ray beam onto the system, resonantly enhanced, precisely de®ned and clearly distinguishable standing-wave®eld distributions (modes) are excited. The in-plane structure of the acyl chain ordering is then studied by grazing incidence diffraction under simultaneously excited modes. A signi®cant gain in signal-to-noise ratio as well as enhanced spatial resolution can be obtained with such a setup.
Introduction
In recent years, novel X-ray waveguide structures have been developed, consisting of a low density guiding layer sandwiched between layers of higher density. Accordingly, guided modes can resonantly be excited by shining a plane wave onto the waveguide (in this geometry also termed resonant beam coupler, RBC) under grazing incidence at a set of discrete angles i,n , as ®rst demonstrated by Sinha and coworkers (Feng et al., 1993) . A coherent beam exits the structure at the side, with a cross section corresponding to the thickness of the guiding layer and with a divergence given by the Fourier transform of the excited standing wave®eld. Typical beam sizes range between 2000 and 500 A Ê , but sizes down to 100 A Ê have also been achieved (Pfeiffer et al., 2001) . Since the¯ux can theoretically be increased under resonance conditions by up to two orders of magnitude with respect to hypothetical slits of the same size, X-ray waveguides may pave the way to novel micro-beam X-ray spectroscopy, diffraction or imaging experiments (Lagomarsino et al., 1997; Di Fonzo et al., 2000) . Moreover, the mode mixing pattern at the exit of a waveguide structure can be used to determine structural properties of the waveguiding medium itself (Zwanenburg et al., 1999) .
In this work, we use the scattering geometry of grazing incidence diffraction under resonance conditions to study organic thin ®lm structures, namely phospholipid membranes (1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine, DMPC). The samples have been incorporated directly into a waveguide structure, formed by a silicon substrate, ten bilayers of DMPC and an evaporated Ti cap layer. Importantly, we point out that nearly any combination of organic and in particular biomolecular thin ®lms with thicknesses larger than about 10 nm sandwiched between inorganic layers (silicon, glass, transition metals) ful®lls the optical criteria of an RBC, and that structural information on the molecular level can be extracted with unprecedented signal-to-noise ratios. The setup developed here signi®cantly extends the advantages of previously reported quasi-modes in thin ®lm systems without highdensity cap layers (Wang et al., 1992) , or of standing-waveenhanced diffraction in multilayers (Salditt et al., 1998) . To our knowledge, the present work is the ®rst diffraction experiment on samples incorporated into an RBC structure, signi®cantly extending the experimental potential to study disordered and weakly scattering soft-matter systems.
As is well known, X-rays undergo total external re¯ection from a¯at surface at small angles of incidence i c , where the critical angle c = (2) 1/2 is calculated from the real part of the refractive index n = 1À À i, which in turn is proportional to the electron density of the material. Following Snell's law, an exponentially damped evanescent ®eld is generated below the surface with a penetration depth on the order of 10± 100 A Ê . If there is a thin layer of lower electron density present in this range, the evanescent wave can effectively be coupled into a resonantly enhanced standing wave®eld in the so-called guiding layer, analogous to waveguiding effects in the case of visible light (Tien & Ulrich, 1970) .
Experimental
To fabricate the ®rst resonant beam coupling device with an incorporated biomolecular ®lm, we made use of a novel technique to prepare highly aligned and morphologically intact lipid bilayers on solid surfaces, which was recently developed in our laboratory (Mennicke & Salditt, 2001) . After cleaning and plasma etching of standard commercial silicon wafers (cut to a size of about 15 Â 25 mm), lipid solutions (10 mg ml À1 DMPC in 2-propanol) were spin-coated on the hydrophilized substrates rotating at 3000 r.p.m., resulting in thin wetting ®lms. Subsequent to fast solvent evaporation, a well de®ned number N of bilayers nucleates at the silicon surface. After placing the samples in vacuum overnight, the ®lm can be hydrated in controlled water vapour atmospheres for analysis, or further processed. In our case, thin metal layers (Ti, Cr or NiCr) were grown on the top bilayer by a slow thermal evaporating process (BALZER evaporation system). The details of the procedure to fabricate the hybrid organic/ inorganic RBC structure will be presented elsewhere. Here we focus on the aspect that a resonantly enhanced standing wave®eld can be generated between the two parallel inorganic high-density layers, which separate the phospholipid/water ®lm with comparably low electron density, as demonstrated below.
The X-ray experiment was carried out at the bendingmagnet beamline D4 at HASYLAB/DESY. Higher energies were cut by a horizontal Rh mirror to reduce the heat load on the Si(111) monochromator, which was adjusted to an X-ray energy of 12.5 keV. The beam divergence (0.0005 ) and beam size at the sample were controlled by slits of 0.1 mm (vertical scattering plane) and 0.1 mm (horizontal scattering plane), respectively. A fast scintillation detector (Cyberstar, Oxford Instruments) was mounted on the detector arm at a distance of 800 mm. Fig. 1 shows the re¯ectivity curve of ten DMPC bilayers deposited on a silicon substrate, both with (top) and without (bottom) the additional cap layer of evaporated Ti. The curves have been corrected for diffuse background and illumination effects and are shifted vertically for clarity. They clearly demonstrate two major results. Firstly, the ®lm structure remains largely unchanged after the additional metal evaporation, as proven by the similarity of the curves. Secondly, the multilamellar stack forms a uniform homogeneous ®lm of ten bilayers, as indicated by the nine minima between the Bragg peaks (Kiessig fringes). Analysing the Bragg peak positions results in a lamellar periodicity of d bl = 53.8 AE 0.1 A Ê corresponding to dry gel phase DMPC bilayers with only one or two molecular hydration layers between the headgroups of opposing bilayers. Importantly, zooming into the region of total external re¯ection of the capped sample, characteristic sharp cusps are observed, indicative of the resonant modes 1 (see Fig. 4 for a close-up on a linear scale).
Results
To analyse quantitatively the observed resonance effects, we have calculated the internal (and external) standing ®eld as a function of the structural and geometric parameters (layer thickness, composition and density, interface roughness, angles of incidence, X-ray energy) by a transfer matrix algorithm similar to that used in the case of optical waveguides (Shenon et al., 1998) . Equivalently, one can use the well known Parratt formalism for such calculations (Parratt, 1954) . 2 Fig. 2 shows the calculated ®eld distribution |E y (z)| 2 as a function of distance z below the surface of the RBC. The guiding layer comprises the ten bilayers with d DMPC = 10d bl = 538 A Ê . This guiding layer is characterized by an average index of refraction DMPC = (1.5 Â 10 À6 ), 3 as determined from the simulation of the re¯ectivity curve (see Fig. 4 ). For the Ti cap layer, the parameters obtained were d Ti = 81.3 A Ê and Ti = 5.6 Â 10 À6 ; for the Si substrate, Si = 3.11 Â 10 À6 . Importantly, the calculated intensity gain compared with the incident beam reaches a factor of $120 for i,TE0 . Note also that absorption was included in these calculations, although it turned out to Re¯ectivity R( i ) of ten DMPC bilayers on Si substrate with (top) and without (bottom) a metal (Ti) cap layer of thickness 81.3 A Ê (12.5 keV Xrays).
Figure 2
Sketch of an X-ray resonant beam coupling device consisting of ten DMPC bilayers sandwiched between a thin metal layer and the Si substrate. Superimposed, the normalized electric ®eld intensity |E y (z)| 2 is plotted as a function of z, calculated for two different angles of incidence i corresponding to the ®rst ( i,TE0 = 0.105 ) and second resonance ( i,TE1 = 0.123 ) of the structure (right axis), along with the corresponding electron density as a function of z (left axis).
1 In a simplistic argument, valid for in®nite samples and beams, photons become trapped under the resonance conditions in the guiding layer propagating over an active coupling length (in our case $500±1000 mm) parallel to the surface, and are therefore more likely to be absorbed (see also Tien & Ulrich, 1970) . The enhanced absorption loss manifests itself as a pronounced decrease in the re¯ectivity. From the width of the cusps, the angular acceptance of the mode can be roughly estimated. 2 Our calculations were carried out for transverse electric (TE) polarization, since we have used the vertical scattering plane and synchrotron radiation is highly polarized in the horizontal plane. Furthermore, the difference in the solutions for TE and TM modes vanish for i ( %/2, which is a good approximation for hard X-rays, where i is in the range of tenths of a degree. 3 Detailed simulations, not shown here, con®rm that the periodic refractive index pro®le (dashed line in Fig. 2) corresponding to the DMPC bilayers in the guiding layer can indeed be approximated by an average index of refraction (black line in Fig. 2) , since the amplitude of the oscillatory density pro®le is small compared with the difference between the organic ®lm and the substrate or cap layer.
have only a minor effect for X-ray energies of above 10 keV. Equally, interface roughness does not signi®cantly alter the intensity values since the product of the r.m.s. roughness ' and the internal wavevectors k H z remains small, as long as ' does not exceed 15 A Ê .
To demonstrate the concept of waveguide-enhanced scattering, we studied the lateral hydrocarbon chain ordering under simultaneous excitation of modes. For this purpose, grazing incidence diffraction (GID) scans have been performed, varying the scattering angle 2 in the plane of the bilayers to intersect the crystal truncation rods corresponding to the two-dimensional Bragg re¯ections of the hydrocarbonchain lattice. Conventionally, such scans are carried out at small angles of incidence i around the critical angle c to control the penetration depth of the X-ray beam in the range between 10 2 and 10 3 A Ê . Thereby, bulk signals which would otherwise dominate the scattering intensity, can be ef®ciently suppressed to achieve interface sensitivity. Consequently, the structure of a thin organic ®lm on top of a solid substrate or at the air±water interface (Langmuir monolayer) can often be resolved. However, in the present case, the small scattering volume of about ten DMPC bilayers was not suf®cient to overcome the relatively high background level due to limited beam brilliance at the D4 bending-magnet station. The hydrocarbon peaks could not be observed in conventional GID scans, as can be seen in Fig. 3 ( i = 0.5 , squared symbols). However, the situation changed dramatically after adjusting i exactly to the values of TE0-or TE1-mode excitation: i,TE0 = 0.105 and i,TE1 = 0.123 , respectively. The corresponding two curves are shown in Fig. 4 (circles and diamonds, respectively). For these two discrete angles, the resonantly enhanced wave®eld at the position of the DMPC bilayers (guiding layer), along with the ef®cient background suppression due to the exponentially decaying electric ®eld in the substrate, resulted in the observability of the two-dimensional Bragg re¯ections.
The three observed peaks can be indexed to a two-dimensional hydrocarbon-chain lattice (Fo È rster et al., 2000; Fradin, 2000) with sublattice constants a = 4.907, b = 8.39 A Ê , = 96.3 , representing a slight distortion with respect to the facecentred orthorhombic subcells (space group 62, Pbnm) often encountered in dehydrated lipid phases (see also the inset of Fig. 3) . Moreover, the fact that the peaks are not offset in q z (as con®rmed by rod scans) but lie on axis, indicates that the chains are essentially straight, contrarily to the chain packing for DMPC in the L H phase, where chain tilting is normally observed and can be classi®ed depending on the direction of tilt (Smith et al., 1988) . Note, however, that the phase diagram in a ten-bilayer system on a¯at substrate must not necessarily be identical to that of bulk multilamellar systems. Control measurements were carried out on a ten-bilayer sample without metal cap layer at a beamline with higher brilliance (BM20/ESRF, Grenoble), which allowed the investigation of the chain-packing peaks even without resonant waveguiding effects. At T = 291 K and a relative humidity of r.h. = 74%, a similar pattern was observed, corresponding to a metastable (subgel) L c phase rather than the tilted L H phase. It is of interest to determine whether the metal-capped bilayers can still be swollen in water vapour and heated above the main phase transition of DMPC. Initial data collected at T = 316 K indicate that the metal-capped bilayers indeed melt to form the¯uid L phase. Importantly, resonance effects were still observed in the¯uid phase of the DMPC bilayers. However, the full phase diagram of the solid-supported bilayer system is not the aim of the present work and remains to be clari®ed in a future study. Here we focus on the waveguide-enhanced scattering effects.
These effects are most clearly evidenced by the curves shown in Fig. 4 (full circles connected by a line) , where the detector is kept at a ®xed 2 position corresponding to the (1,À1) re¯ection at q || = 1.43 A Ê À1 , while i is scanned in a J. Appl. Cryst. Bragg re¯ections of the hydrocarbon chain lattice measured on resonance at i,TE0 = 0.105 (circles) and i,TE1 = 0.123 (diamonds), as well as off resonance at i = 0.5 (squares) for comparison. The three peaks can be indexed to an oblique lattice.
Figure 4
The re¯ectivity pro®le in the range of total external re¯ection clearly shows the ®rst two resonance modes at i,TE0 = 0.105 and i,TE1 = 0.123 , respectively. At the same position in i , sharp peaks are observed in the intensity of the (1,À1) hydrocarbon-chain re¯ection, scattered at ®xed lateral momentum transfer q || = 1.43 A Ê À1 (see text for further details).
range where the modes are excited. The scattered intensity peaks sharply at the angles i,TE0 = 0.105 and i,TE1 = 0.123 . These angles correspond to the mode excitation, as is not only seen from simulations, but also directly from a comparison to the re¯ectivity curve with the characteristic cusps (in Fig. 4 , open symbols represent the experiment, while the straight line represents the simulation). Contrarily, under off-resonance conditions, a level of residual scattering (background) is observed, which increases with i as a result of the correspondingly increasing values of the penetration depth. From the data shown in Fig. 4 , an intensity gain of about six to seven can be inferred, which is quite weak compared with the 120fold enhancement in electrical ®eld intensity expected from the calculation for an ideal system. However, the measured diffracted intensity due to elastic scattering is not simply proportional to the local ®eld intensity at the position of the scattering source, as would be the case for the¯uorescent yield for example, but scales like
where &(z) is the density of scatterers (lipid hydrocarbon chains) along the z axis of the waveguide structure, and k f is the z component of the wavevector of the scattered beam. Therefore, one has not only to consider the implanted ®eld (resonances of the incident beam), but reciprocally also that of the outgoing beam. In principle, the resonant enhancement of the scattering intensity can thus be maximized by meeting the resonance conditions both for the incident and for the outgoing beams (Salditt et al., 1998) . However, under these conditions, it can easily become dif®cult if not impossible to probe the q vectors required to investigate a certain structural peak of the ®lm. Therefore, we tuned only i to a resonance and adjusted the detector arm to the structural peaks in q || , while integrating over the q z direction (slits opened by 10 mm, corresponding to f 9 0.25 AE 0.36 ). In general, it is important to keep in mind that according to equation (1), the elastic scattering could be reduced by destructive interference for certain values of f (or k f,z ), e.g. if the resonantly implanted ®eld E(z) changes its phase. However, for the TE0 mode excited here, E(z) does not change its sign. Therefore, such an effect cannot account for the fact that the observed signal enhancement is lower than expected from the simulation (of the ®eld distribution). We therefore attribute the discrepancy mainly to real-structure effects, including in particular the metal cap layer, which does not grow as a very smooth and uniform layer. Indeed, the nucleation of metal nanocrystals on lipid and other organic materials remains to be investigated more closely, in order to make better use of hybrid organic±inorganic waveguides for waveguide-enhanced scattering.
Conclusions
In summary, we have successfully demonstrated that the resonant X-ray beam coupling principle can be applied to structural studies of organic or biomolecular thin ®lm samples.
In this approach, the samples are directly incorporated in the waveguide. The resonantly enhanced diffraction signal can then be measured by tuning the incidence angle to a resonant mode of the waveguide. We have applied this scheme to a highly oriented stack of ten 1,2-dimyristoyl-sn-glycero-3phosphatidylcholine (DMPC) bilayers, which was shown to be structurally isomorphous to a control sample without a metal cap layer. In the future, this novel kind of organic/inorganic hybrid structure may offer several new experimental options. For example, the metal cap layer may serve as a solid-state electrode, which would allow interesting experiments on biomolecular ®lms in well controlled AC or DC electrical ®elds. To this end, details of the sample preparation will be published elsewhere (Mennicke & Salditt, 2001) .
The scattering signal measured by grazing incidence diffraction was signi®cantly enhanced by making use of the resonantly enhanced ®eld distributions corresponding to the TE0/TE1 modes. The measured diffraction peaks would otherwise be unobservable under the given experimental conditions. As a corollary, even smaller signals (of more disordered systems) become observable at highly brilliant third-generation undulator beamlines using the technique presented here. Simulations indicate that signal-to-noise ratios can be improved by up to two orders of magnitude. In the future, high spatial resolution can be gained by the combined analysis of measurements carried out under the excitation of different modes, leading to a depth pro®le of the scattering signal, stemming e.g. from molecular ordering, lattice constants, or phase state. Waveguide-enhanced scattering from various macromolecular and supramolecular structures, ranging from synthetic polymers to two-dimensional protein crystals, can thus be envisioned. In addition to sample structure, dynamics may be probed by photon correlation spectroscopy, with the RBC acting as a coherence ®lter for the incoming radiation. Part of this work was supported by DFG SFB-486. We also acknowledge the staff of HASYLAB/DESY for providing excellent working conditions at the D4 beamline.
